Introduction
The succesful application of Josephson junctions in high frequency systems depends upon how efficiently the devicesare coupled to external microwave lines. The Josephson elements are often very low impedance devices, e.g., microbridges or high current-density tunnel junctions. This accentuates the demand for coupling schemes of low characteristic impedance at high frequencies.
In applications such as the fluxon oscillator' a single, long junction must be matched. Also in other Josephson microwave oscillators with single junctions2 or coherent arrays3, it is advantageous to operate at low impedance levels as shown by the following estimate. If a N-junction array is matched to an external load, RL = NRJ, the maximum available power in the high frequency limit (Vdc > > R I ) becomes PN = N(R I ) /8RJ. Since RJIc is a constant, the available power increases inversely proportional to RJ (and proportional to N) . The junctions cannot be infinitely closely packed due to mutual heating, and hence the number of junctions which can be accomodated at equivalent positions is limited, and the resulting rf-impedance, NRJ, may remain low.
Finally, in applications such as the parametric reflection amplifier' optimum performance is achieved if the signal feed line has characteristic impedance less than the normal state resistance of the parametric device. M a consequence, it is natural to look for microwave circuits of low impedance, i.e., at the 0.1R to 10 level.
Here, w e report on three different methods to approach the problem. They all use superconducting thin-film microwave integrated circuit techniques because: the thin-fih Circuits are produced in the same processes which are used to fabricate the junctions, and because superconducting thin-film circuits have low loss, even at high frequencies. The 2 J c J c *Present address: Physikalisch-Technische Bundesanstalt, Institut Berlin, Abbestrasse 2-12, 1000 Berlin 10, BRD. three schemes are: (i) a quarterwave high/low impedance transformer, (ii) a strip-resonator with the Josephson device mounted at the end or in the center, (iii) a novel approach introducing adjustable impedance in microstrip design. The scheme employs an inverted microstrip transformer coupling. In all three cases single thin-film microbridges of normal state resistances in the range 0.02R to 0.15R were used to probe the performance of the circuits.
I. Quarterwave high/low transformer
The thin-film circuit pattern is shown in Fig.  1 (a) . The location of the microbridge is indicated by the"x". The circuit was made on a 25.4~25.4~1 mm soda-glass substrate. The impedance transformer consists of two 2-section X/4 transformers separated by a X/2 section. The first 2-step transformer is b'roadband with moderate impedance ratio. The 50R input line is transformed into 19R. In order to reach the desired low output impedance, the second 2step transformer operates with a very large impedance discontinuity (122R) such that the overall impedance ratio becomes 60:l. The circuit was designed to have a center frequency of 10 GHz. The performance of the circuit is illustrated in Fig. 2 (a) to (e). In (a) the measured power reflection v s . frequency is shown without microbridge. In (b) a similar recording, made after a 70 mil bridge was introduced in the circuit, is shown. A comparison shows that the cut and the bridge matches the transformer structure in a '1.300 MHz bandwidth at 10.4 GHz. Fig. 2 (c) shows the measured input signal necessary to maintain a constant suppression of the supercurrent as the input frequency is varied. Maximum attenuation means maximum power transmitted to the bridge detector. In Fig. 2 (d 0018-9464/81/0100-0107$00.75 0 1981 IEEE with the transformer and the receiver response functions. The envelope curve reproduces the transformer/receiver pass-band. The peak positions in (c) and (d) coincides. Finally, (e) shows the calculated power reflection coefficient of the properly terminated transformer structure assuming that all sections are A/4 at 10 GHz. The calculated and the measured widths of the reflection minimum are in good agreement. The small disagreement between the calculated and the measured center frequencies are not significant perse since the microstrip design formulae are accurate only to within a few pct. It is not obvious why the 70 mQ bridge behaves as a matched termination when the theoretical matching impedance is 0.951, or why the transmission-peak falls below the reflection-dip. Tentatively, we may understand these results by invoking the well-established facts that microbridges are accompanied by a series inductance2 and that the effective lengths of sections of microstrip are influenced by stepin-width discontinuities5. In a model calculation we have been able to reproduce the relative frequency shift between reflection and transmission by taking these stray reactances into account.
The maximum integral power detected from a microbridge was 2.4 pW in a 250 MHz linewidth (power density 0.01 pW/MHz).
Microstrip resonator
A different approach to, low-impedance coupling is to employ a resonator as impedance transformer. The resonator circuit is .shown in Fig. l ( b ) . The high-impedance lines leading to the ends of the resonator section are filtered bias leads. An rf-line is loosely sidecoupled to the resonator. The microbridge was located either in the center (Fig. lb) or at the end of the resonator. Both conventional and inverted microstrip versions were studied. The resonator length was X/2 at 10 GHz in conventional microstrip. With the bridge at the end,the measured resonance frequencies were 9.5 GHz in conventional and 12.5 GHz in inverted microstrip respectively. With the bridge in the center,the corresponding resonance frequencies were 13 GHz and 17 GHz. In all cases the quality factor was Q = 200 as inferred from power reflection measurements. The difference in resonance frequencies between conventional and inverted microstrip simply reflects the different effective dielectric constants. The frequency shift caused by the change in bridge position is not as obvious.
It may be understood only if the presence of the bridge (and the 0.5 pm wide cut across the resonator) changes the effective length of the resonator. This is consistent with the observation already made that the microbridge is accompanied by a non-negligible series inductance. Fig. 3 illustrates the performance of the conventional microstrip resonator with a single center-located microbridge. The current-voltage curve (IVC) of the bridge and the emitted Josephson radiation are shown. A cavity induced step is clearly visible in the IVC at 27 pV corresponding to a resonance center frequency of 13.1 GHz. With the microwave receiver centered at resonance, a sharp peak in the Josephson radiation is measured as the After cut E bridge I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 tinuities in stripline width. Such large jumps in width require that corrections are made for fringing fields at the edges.(Design equations for microstrip which include these corrections do not apply t;o the present extreme case.)
The resonator coupling works well in a narrow bandwidth and may be useful in fixed frequency applications. Considerable power was extracted from a single microbridge. Compared to the transformer-coupled case,the emitted linewidth was narrowed by the regenerative interaction between bridge and resonator.
The best performance so far was achieved with the adjustable inverted microstrip transformer coupling. The narrow Josephson line was tunable over a 10% bandwidth without significant change in output power. The measured power output from a single microbridge was the largest ever reported. 
